Excitation of CO molecules into the lowest vibrational level of the B electronic state by absorption of the (B v'=0 X v"=0) resonance band at 1150 Ä has been studied under various experimental conditions by observing the steady state fluorescence of the (B A 1IJ) Angstrom bands. Stern-Volmer plots of the fluorescence intensities at the addition of various foreign gases yielded straight lines whose slopes kh =/cM"Teff were strongly dependent on the CO sample pressure. This effect was found to be due to changes of the effective radiative lifetime of the B v'=0 because of resonance trapping of the (0,0) band of the (B-> X) fluorescence. The CO(B1^'+, t/=0) molecules are found to be quenched by He, Ne, Ar, H2 and D2 with effective collision cross sections of 0. 23, 0.48, 22.4, 10.7, and 11.4 Ä2, respectively, at 298 °K. In addition, an approximate value for the ratio Aba/ (Aba+Abx) of the radiative transition probabilities of the (B -> A) and (B X) transitions could be derived from the measurements.
Introduction
Measurements of the collisional deactivation of electronically excited molecules in well defined vibrational quantum states imply a mode of excita tion which populates only a single vibrational level of the electronic state. This is usually achieved by optical excitation of molecules through resonance absorption of atomic lines which happen to coincide with one of the molecular absorption lines. This method has been applied to many diatomic molecules including V , N O 2' 3, H D 4, L i,5, and CO0. Re cently, we have shown that in favorable cases mole cular resonance bands which are filtered out of the complex emission spectrum of a suitable light source by a monochromator may be used to excite syste matically the different vibrational levels of electroni cally excited molecular states to study collisional relaxation and quenching processes7/ 8. Through resonance absorption of CO (A xTl,v -> v" = 0 fourth positive bands CO molecules were excited selectively into the levels v = 0 to v = 8 of the A 177 state. By studying the (A->X) fuorescence spectra at the addition of foreign gases cross sections for the vibrational relaxation and quenching of COCA1/ / ) molecules in 9 different vibrational levels could be obtained.
In this paper we report the application of this excitation method to measure the effective quenching cross sections for collisions of CO molecules in the Reprint requests to Prof. Dr. F. J. Comes, Institut für Physikal. Chemie der Universität Frankfurt/M., D-6000 Frank furtIM., Robert-Mayer-Str. 11. lowest vibrational level of the B state with various rare gas atoms and hydrogen molecules. Selective excitation of the B v = 0 state was achieved by resonance absorption of the CO (B i^O -^X 1^, v ' = 0) band. The (B ->X ) system belongs to the so-called Hopfield-Birge systems of the CO molecule. The equilibrium internuclear distance and the vibrational quanta of the B state are very close to the corresponding values of the X ground state 9. This strongly favours the Franck-Condon overlap integrals of the Av = 0 bands of the (B->-X) transition. The Franck-Condon fac tor of the (0, 0) band, for instance, has been cal culated to be 0.988 10. As a result, the (B -> X) system consists mainly of a sequence of Av = 0 bands near 1150 A. These bands are not as well known as the previously studied (A->X) system which is the most prominent band system of CO in the ultraviolet and vacuum-u. v. regions. However, the (B -> X) emission is also readily obtained from a microwave discharge through a mixture of C02 and He. The intensity of the unresolved Av = 0 sequence emitted from this light source is about a factor of 10 lower than that of the strongest (A-X) bands.
In addition to the (B -> X) transition the B state can be depopulated by radiation to the A 1Z7 state. The (B -> A) transition is well known as the An gstrom system. The Angstrom bands mainly cover the wavelength region between 4100 and 6000 A and, therefore, can easily be used to measure the B x2 + state population.
The (0,0) band of the (B-> X) vacuum-u. v. fluorescence is strongly reabsorbed by non-excited ground state molecules. Due to the large FranckCondon factor of the (0, 0) band, resonance trap ping of the vacuum-u. v. fluorescence light leads to a dependence of the effective lifetime of the B v' = 0 state on the CO sample pressure. This effect has been demonstrated by Moore and Robinson11 in lifetime measurements of the B v = 0 state. According to their measurements the effective radia tive lifetime of this state varies from the "natural" lifetime of about 22 nsec 12' 13 at very low CO pres sures to values of 65 -75 nsec at the limit of total trapping of the (B v = 0 -> X 1-T+, v" = 0 emis sion where the radiative depopulation is mainly by the emission of the Angstrom bands.
In the present work the effect of resonance trap ping of the (B -> X) fluorescence radiation on the quenching of CO (B t ' = 0) was studied in de tail. The quenching constants k^xq = kit'1" Teff ob tained from Stern-Volmer plots of the relative fluo rescence intensity as a function of added gas pressure showed a strong dependence on the CO sample pres sure which reflects the variation of r eff due to the changing degree of resonance trapping. The quench ing constants at very low CO pressure together with the known natural lifetime of the B state yielded effective cross sections for the deactivation of CO (B +, z /= 0) molecules in collisions with dif ferent rare gas atoms and hydrogen molecules. In addition, the ratio Aba/ (■ Aba + Abx) of the transi tion probabilities of the (B->A ) and (B->X ) transitions was obtained from the measurements.
Experimental
Two different types of experiments were carried out to identify and measure the fluorescence radia tion from CO excited by absorption of (B->-X) bands. In both cases the primary excitation source was a microwave discharge through a C02/He mix ture. This same light source has been used in preceeding experiments to excite CO to its A 1/7 elec tronic state 7' 8. The lamp was equipped with either a LiF or a MgF2 window resulting in short wave length cut-offs at 1050 A and 1130 A, respectively.
In the first type of experiment the total output of the lamp was introduced into a pyrex fluorescence cell of 5 cm diameter and 10 cm length ending in a Wood's light trap. The fluorescence radiation was measured at right angles to the primary light beam with a monochromator (McPherson Model 218, grating: 600 lines/mm, blazed for 5000 A) and a photomultiplier (RCA Type C 31000 D). The de tector was connected to a pulse circuitry, a digitalanalog converter, and a chart recorder.
In the other type of experiment we made use of a vacuum monochromator (McPherson Model 225, grating: 1200 lines/mm, blazed for 1500 A) for dispersing the radiation from the light source in order to excite the fluorescent medium only by the (B, v = 0 -X, v" = 0) emission at 1150 A. A T-shaped fluorescence cell made from stainless steel was mounted at the excit slit housing of the mono chromator. The photomultiplier monitored the total visible fluorescence light at right angles to the pri mary light beam which entered the cell through a LiF window.
This set-up reduced the stray light problem sub stantially. A small amount of stray light, still pre sent from the bright lamp, was completely suppres sed by placing an interference filter with a center wavelength near the (0, 1) band of the Angstrom system (/.0 = 4850 A, half-width = 100 A) in front of the photomultiplier tube.
Typical operating conditions for the microwave lamp were a helium pressure of 0.1 to 0.2 torr with about 50 mtorr of C02 . But sometimes total pres sures up to several torr were used in order to check the independence of the results upon the lamp con ditions. The power generator was usually set at 40 watts. The pressure in the lamp and the CO pres sure in the fluorescence cell were controlled by Pirani gauges. A McLeod manometer was used for absolute measurements of the CO pressure. The pres sure of the added gases was measured with either a capacitor manometer or a mercury torrmeter. All gases used were Air Liquide "High Purity" grade with total impurities in the ppm range.
Results
The measurements were started by analysing the fluorescence emission in the visible between 4000 and 6000 A when the total emission of the light source was irradiated into the fluorescence cell con taining CO at pressures between 1 and 100 mtorr. Figure 1 (upper trace) shows that the major emis sions which appear in this wavelength region are the (0,0), (0 ,1 ), (0 ,2 ), and (0,3) bands of the Angstrom system of CO at 4510.9, 4835.2, 5198.2, and 5610.2 A, respectively 9. With a MgF2 window the B v = 0 level is the highest level that is energetically accessible. But even when a LiF window was used no Ängstrom bands from vibrational levels i / > 0 could be observed. This is to be expected since the intensities of the (i/> 0 , v" = 0) bands emitted from the light source were much lower than that of the (0, 0) band. In addition, due to the small Franck-Condon factors of all bands with Av 0, the absorption coefficients of the (v" = 0, v 4= 0) ab sorption bands are much smaller than that of the (0, 0) band. Figure 1 shows that besides the Äng strom bands only weak emissions of triplet transi tions occur 14. Most of the light underlying the Angstrom bands is straylight from the microwave lamp, as indicated by the lower trace in Fig. 1 which shows a spectrum without CO in the fluorescence cell. 5400 5000 4600 W AVELENGTH (Ä) Fig. 1 . Fluorescence spectrum of CO excited by a C02/He microwave discharge lamp; trace a: PC0=50 mtorr, trace b: straylight spectrum.
As already mentioned, stray light problems could be very effectively suppressed by using the second type of the experimental set-up. In this case only the J f = 0 sequence at 1150 Ä was irradiated into the fluorescence cell. Although preliminary quenching measurements were made with the first type of ex perimental set-up, all further experiments were car ried out with the second one.
When using radiation to excite atomic or mole cular states for the purpose of quenching measure ments great care has to be given whether the addi tion of the quenching gas has an influence on the absorption properties of the absorber. In previous work when molecules were excited by resonance absorption of atomic lines it has been found that due to pressure broadening of the absorption lines the overall absorption in the fluorescence cell strongly increased when foreign gases wrere added to the absorbing gas 2' 4. As a result, Stern-Volmer plots of the fluorescence intensities did not lead to straight lines, and it was difficult to deduce quench ing efficiencies from such measurements. However, in our previous studies of the quenching of (A 1/7, v = 0) molecules excited by absorption of the (A X I I , v = 0 -> ■ X v" = 0) molecular resonance band, additives up to pressures of several hundred torr had no major effect on the overall absorption in the fluorescence cell. This was demonstrated by the good agreement of quenching efficiencies ob tained from Stern-Volmer plots with those deduced from measurements of the pressure dependence of the relative populations in the levels v = 0 and v = 1 when v = 1 wras excited 7. To investigate the influence of foreign gases on the total absorption of CO, several series of absorption measurements on pure CO and ion CO/rare gas mix tures were carried out.For these experiments an ab sorption cell of 12 cm length was placed behind the exit slit of the monochromator. The transmitted 1150 Ä radiation was measured by a photomultiplier coat ed with sodium salicylate. Figure 2 shows a plot of In f/0//) vs. CO pressure. The slope of the curve at low CO pressure yields an effective absorption coef ficient of k = 1.5 x 103 cm-1 atm-1. In this experi ment the pressure in the microwave lamp was 200 mtorr as usual.
Measurements on a 1 : 100 CO/Ar mixture showed -within the error limits -the same dependence of ln (/0/7) on CO partial pressure as Figure 2 . In ad dition, experiments were performed in which the change in overall absorption was studied when Ar, He, and Ne up to pressures of several hundred torr were added to CO at varying initial pressures. Up to CO pressures of 50 mtorr no change of the initial absorption could be detected, the error limit being less than ±5% at pressures above 5 mtorr. How ever, the results of the quenching measurements, reported later, showed that at very low CO pres sures the absorption obviously is lowered by the addition of gases like He and Ne. At CO pressures between 50 and 100 mtorr the total absorption was found to increase at the addition of foreign gases. The effect gradually increased both with CO and foreign gas pressure up to maximum values of about 30% at 1 atm total pressure. This showed that the Stern-Volmer plots could not be expected to yield reliable results at CO pressures much higher than 50 mtorr. Initial quenching measurements showed that the added gases He, Ne, Ar, H2, and Do could be divided into two groups corresponding to high and low quenching efficiencies. Ar, H2, and D2 were found to quench the excited CO molecules with nearly unit collision efficiency. Foreign gas pres sures not higher than 15 torr were needed to mea sure the Stern-Volmer lines. Figure 3 shows SternVolmer plots for CO pressures ranging from 0.7 to 56 mtorr with argon as quenching gas. The curves can be analysed in terms of the equation lifetime of the excited molecules. In this equation self-quenching of CO(B, i/ = 0) in collisions with ground state CO molecules is neglected. From the measurements of Moore and Robinson 11 the rate constant for self-quenching can be estimated to be lower than l x l 0~9cm3 molecule-1 sec-1. Thus, with effective radiative deactivation probabilities between 1.1x10" and 4.5x10" sec-1 (see below), the above approximation is certainly justified at CO pressures below 10 mtorr (^3 .2 x 1014 molecules cm-3). At the highest CO pressures applied, selfquenching could contribute to a maximum of 10//, to the total deactivation rate at zero added gas pres sure. As k \rq is a constant under all conditions the variation of the slopes of the curves shown in Fig. 3 reflects the veriation of Teff as a function of CO pres sure. The slopes were found to converge in the low and high pressure regions. In these two limiting cases the radiative lifetime is determined either by the radiation of the free molecules consisting of both the (B-> A) and the (B-^-X) transitions or by the (B-h»-A) transition only when the (B-^-X) radia tion is trapped by resonance absorption. The varia tion of the slopes of the Stern-Volmer plots as a function of CO pressure is shown in Figure 4 . for the quenching of CO (B v = 0) molecules by argon. Also with hydrogen and deuterium as quenching gases the Stern-Volmer plots yielded straight lines for all CO pressures. The results of the quenching measurements with H, and D2 were curves quite similar to the one in Fig. 4 for argon. Both additives lead to curves with horizontal parts in the low (1 -5 mtorr) and in the high ( > 50 mtorr) pressure regions. The quenching rate constants cal culated from the slopes at low CO pressure are given in Tab. 1 together with the data for the other gases.
Helium and neon were found to be much less effective in quenching the excited CO(B, v '= 0) molecules. Pressures of several hundred torr had to be applied for measuring Stern-Volmer lines. This has remarkable consequences on the observed pres sure dependence of 70/7 as is seen from Figure 5 . The experimental data points no longer follow a straight line as should be expected, but instead the curve is bended upwards. Such behaviour was mea sured in the region of CO pressures below 10 mtorr in both cases when Ne or He were used as quench ing gases. The lower the CO pressure in these ex periments the stronger was the bending of the cur ves. But these curves always approached asympto tically the dashed line which represents the slope of the curves at vanishing pressure of the foreign gas. At elevated CO pressures (pco > 10 mtorr) the re sults for the two gases showed a slightly different behaviour as Ne exhibited no observable deviation of the corresponding slopes of the Stern-Volmer lines from that of the dashed line whereas in the case of helium an increase of the slopes up to 50% was measured in going from the lowest to the highest CO pressures applied. The data given in Tab. 1 were taken from the slopes of the Stern-Volmer curves at The quenching rate constants were used to obtain effective collision cross sections as usual by dividing kyfi by the relative velocity c = (8 kT/ji ju)1'1 of the molecules. The molecular diameters tabulated in Ref. 15 were used to calculate the gas kinetic cross sections an(i the quenching efficiencies TV1 = Oeff/o^k . The results are collected in Table 1 .
Discussion
A stringent premise for the determination of quenching efficiencies from measurements of relative fluorescence intensities as a function of added gas pressure is that 1. the amount of excited molecules produced in the primary excitation process, and 2. their effective radiative lifetime and quenching cross sections remain constant throughout the experiment.
1. When resonance absorption is used for ex citation, the most serious problem usually is the change of primary absorption due to pressure bro adening of the absorption lines which affects the production rate of excited molecules. As can be seen from the experimental results reported in Ref. 16 , pressure broadening usually has a strong in fluence on the line profile of absorption lines at pressures above 10 torr. Since the oscillator strength keeps constant, the increase in line width results in a rapid decrease in maximum absorption. If for instance the half width due to pressure broadening is twice as large as the Doppler width, the maximum absorption coefficient is decreased to about 1/4 of its original value in the center of the Doppler line profile.
The effect of pressure broadening on the primary absorption will be most pronounced in cases in which the overlap of the emission and the absorp tion lines is poor at low pressure. In this case a broadening of the absorption line will cause an in crease of the total absorption with pressure, since with increasing pressure the absorpdtcm is facilitated at those wavelengths at which the emission line is strongest. This obviously is the reason for the large effects of pressure broadening on the absorption which were observed in previous work when atomic lines were used for excitation which were not exactly in resonance with the molecular absorption lines2' 4. The much weaker effect of pressure broadening on the overall absorption observed in the present work then must be explained by the exact matching of the emission and the absorption lines when mole cular resonance bands are used for excitation. The absorption curve shown in Fig. 2 can be understood in terms of Doppler and Lorentz broadened lines emitted bv the hot gas in the microwave discharge which are absorbed by the gas in the fluorescence cell at room temperature exhibiting narrow Doppler shaped absorption lines. The emission lines might be self-reversed to some extent. As is seen from Fig. 2 , at low CO pressures the absorption follows Beer s law. However, at higher CO pressure the centers of the absorption lines will show total absorption. Further absorption can only occur on the wings of the absorption lines resulting in lower effective ab sorption coefficients. This explains the inclination of the curve shown in Figure 2 .
Those quenching measurements in which the maximum pressures of the added gas were less than 15 torr obviously were not affected by pressure broadening. This can be concluded from the fact that for Ar, H2, and Do the Stern-Yolmer plots showed straight lines under all conditions. How ever, when pressures of several hundred torr were needed, as was necessary in the measurements with He and Ne, effects of pressure broadening of the CO absorption lines are clearly demonstrated by the results. At low CO pressure the reduction in maxi mum absorption clue to pressure broadening by He and Ne is not compensated by the additional ab sorption on the wings of the broadened lines as the intensity of the emission lines in these regions is lower than in the center of the lines. The result is a decrease of the net production of excited molecules in the field of view of the photomultiplier. This ex plains the deviation of the measured I j l values from a straight line towards higher values, which was observed in the Stern-Volmer plots for He and Ne at low CO pressure ( Figure 5 ).
2. The (B 12 ,+) system of CO is one of the few molecular band systems in which a strong effect of resonance trapping on the effective lifetime states L, and kyfi are the quenching rate constants of species M. The so-called "trapping factor"' g is a measure to which extent resonance trapping of the (B, v = 0 -X, v" = 0) band occurs. It varies be tween one at low CO pressure and zero at high CO pressure where the resonance radiation is totally imprisoned 17.
The results of the quenching measurements with Ar, Ho, and D2 (Fig. 4) show that in these experi ments resonance trapping of the vacuum-u. v. fluores cence becomes noticable at pressures above 4 mtorr. The dashed curve in Fig. 4 shows the results of Moore and Robinson 11 on the pressure dependence of the effective lifetime of the B, v = 0 state. The two curves in Fig. 4 are normalized at 60 mtorr. It is seen that in both experiments the pressure effect occurs in nearly the same pressure range. It should be stated that due to the different geometries of the fluorescence cells the curves need not be identical. Whereas Moore and Robinson could not extend their lifetime measurements to such low CO pres sures where refj becomes equal to the natural life time and independent on CO pressure, this pressure region was clearly reached in our experiments. This is an important pre-condition for the interpretation of the measurements because absolute values of the lifetime have to be known in order to calculate quenching rate constants from the slopes of the Stern-Volmer lines. The natural lifetime of the CO(B, t/ = 0) state has been measured repeatedly, and the reported data are in good agreement12' 13. For the analysis of our results we used the most recent value of r = 21.8 ± 0.3 nsec given by Imhof and Read 12.
In the quenching measurements with Ar, H2, and Do discussed above, the effective radiative lifetime was found to be dependent on the CO pressure but was constant in the course of each experimental run. This is no longer true in part of the experiments with He and Ne. The reason is that pressure broadening of the CO absorption lines has a strong influence on the degree of resonance trapping. As the absorption coefficients at the centers of the ab sorption lines are strongly decreased at higher pres sures of added gases, the extent of resonance trap ping and with it the effective radiative lifetime are decreased likewise. Therefore, when operating with He and Ne at CO pressures above 4 mtorr where the initial steady state intensity 70 is influenced by re sonance trapping, pressure broadening will gradually reduce the extent of resonance trapping and ref{ will not be constant throughout an experimental run. The intensity I then no longer follows the simple Equa tion (1). In addition, this variation of the absorp tion properties caused by the added gas may change the geometry factor which enters into the intensity of the fluorescence radiation.
An opposite effect on the extent of resonance trapping as the pressure is increased might result from rotational relaxation. The primary rotational distribution in the B 1-+, v = 0 state resulting from the absorption of the resonance band, probably is nonthermal or corresponds to a temperature above room temperature. At the addition of foreign gases up to high pressures as in the experiments with He and Ne, this distribution will gradually be shifted to a room temperature distribution by rotational relaxa tion processes. As the rotational constant of the B state is very close to that of the ground state, the fluoi-escence from the relaxed rotational distribution will meet a higher mean population in the rotational levels of the ground state than did the fluorescence from the primary distribution. As a consequence, the mean absorption coefficient and wT ith it the extent of resonance trapping will increase. In addition, changes of the rotational distribution of the excited molecules could lead to changes of the quenching efficiency if the cross section is strongly dependent on the rotational quantum number.
In the range of medium and high CO pressures, the different effects of rotational relaxation and pres sure broadening of the absorption lines on the pro duction rate and the effective radiative lifetime of the excited molecules, and on the geometry of the fluorescing medium, which have been discussed above, obviously will influence the fluorescence intensities in those quenching experiments where He and Ne up to several hundred torr are added to the CO. Although under these conditions the plots of Iq/I vs. pressure showed straight lines, these lines cannot be analysed in terms of the simple SternVolmer Equation (1) . Therefore, we have used only those results from the He and Ne experiments which were obtained at CO pressures belowr 4 microns where the trapping of resonance radiation is negli gible. The effect of rotational relaxation on the quenching efficiency is expected to be of minor im portance in this case.
As concluded in 1. and 2. our results at CO pres sures above 50 mtorr are less reliable than those at lower CO pressures, clue to the changes of the pri mary absorption at the addition of foreign gases which was observed in the absorption measurements. However, from our measurements on Ar, H ,, and Do it is still obvious that the slopes of the SternYolmer lines become nearly independent on CO pressure above 50 mtorr (Figure 4) . The ratio of the effective lifetime in the high and low pressure re gions is found to be 2.7. Taking the natural lifetime to be 22 nsec 13 the effective lifetime at 60 mtorr is calculated to be 59 nsec, which is in fair agreement with the value of 71 nsec measured by Moore and Robinson n . Therefore, our results support the value of the transition probability of the (B-> A) transi tion, A(b->a) -1-11 X 10" sec-1, which these authors derived from their measurements.
The results presented in Table I for the collissional quenching of the B +, v = 0 excitation of CO molecules prove He and Ne to be less effective than Ar, H2, and Do, whose cross sections are nearly gas kinetic. Argon is even more effective than the molecular gases hydrogen and deuterium. If, however, one compares these results with the recently determined quenching probabilities of the A 1/7, v' = 0 excitation of CO there is some similarity for the rare gases He, Ne, and Ar. Their respective probabilities for B state deexcitation are larger by a factor of 3 -7. This supports the assumption that in both cases quenching occurs mainly by collission induced transitions into nearby electronically excited states, whereas transfer of the total energy into vibration of the ground state and into translation is of minor importance.
In the case of the B v = 0 state the spin allowed transition to the A 1/7 and I state should be favoured. However, in addition to the lower lying a, a , d, and e states two more triplet states, f and b, are accessible, too. Due to this enlarged number of possible deactivation channels for CO (B 12 '+) as compared to CO (A 1/?) one should expect the respective quenching probabilities to increase.
The occurance of spin-forbidden processes in collissions of small molecules like No , NO, and CO is still questionable18. We believe that the large quenching cross sections observed for the CO (A 1Z7) and CO (B states cannot be explained without the assumption of such processes. Further evidence for this assumption is obtained from recent quenching experiments with vibrational excited CO (A 1IJ) 8. A search for product states could clarify this point.
The large cross section of argon as compared to helium and neon points to the possibility that in this case a collision complex is formed which might survive several vibrations. Such a complex forma tion would greatly enhance the quenching efficiency. Dissociative collisions are not expected to occur in the discussed processes although a weak predissociation was observed for B v = 0, / = 38. Ho and D2 were found to quench CO (B v = 0) with nearly equal collision efficiency which, how ever, is about a factor of 50 larger than that of He. Compared to A 1I1, v = 0, the B v' = 0 state is quenched with slightly lower cross sections by hydrogen molecules. These results suggest that with Ho and D2 the quenching collisions are reactive, resulting in a dissociation of the hydrogen mole cules or in formation of radicals like CH, OH, or HCO. Therefore, attempts could be made to observe such reaction products.
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